ABSTRACT The ability to prevent signiÞcant root feeding damage to corn, Zea mays L., by the western corn rootworm, Diabrotica virgifera virgifera LeConte, by crop rotation with soybean, Glycine max (L.) Merr., has been lost in portions of the Corn Belt because this pest has adapted to laying eggs in soybean Þelds. Cuphea spp. has been proposed as a new broadleaf crop that may provide an undesirable habitat for rootworm adults because of its sticky surface and therefore may reduce or prevent oviposition in these Þelds. A 4-yr study (1 yr to establish seven rotation programs followed by 3 yr of evaluation) was conducted to determine whether crop rotation with Cuphea would provide cultural control of corn rootworm. In support of Cuphea as a rotation crop, fewer beetles were captured by sticky traps in plots of Cuphea over the 4 yr of this study compared with traps in corn and soybean, suggesting that fewer eggs may be laid in plots planted to Cuphea. Also, corn grown after Cuphea was signiÞcantly taller during vegetative growth, had signiÞcantly lower root damage ratings for 2 of 3 yr, and had signiÞcantly higher yields for 2 of 3 yr compared with continuous corn plots. In contrast to these beneÞts, growing Cuphea did not prevent economic damage to subsequent corn crops as indicated by root damage ratings Ͼ3.0 recorded for corn plants in plots rotated from Cuphea, and sticky trap catches that exceeded the threshold of Þve beetles trap Ϫ1 day
WESTERN CORN ROOTWORM, Diabrotica virgifera virgifera LeConte, variant found in east central Illinois that lays eggs in soybean Þelds has successfully adopted a behavior that circumvents cultural control beneÞts provided by annual rotation between corn, Zea mays L., and soybean, Glycine max L. Gray 1996, Levine and Oloumi-Sadeghi 1996) . Thus, growers in a 28 county-region must scout soybean Þelds to determine the need to apply chemical controls (Gray and Steffey 1999) or wait for new technologies (such as transgenic corn as reported by Duan et al. 2002) to protect corn from economic infestations of this rootfeeding pest. Crop rotation could again provide effective pest control if a new crop were available that would deter beetles from laying eggs in the alternative crop and thus prevent economic root damage when the Þeld is rotated back to corn. Cuphea is one potential new crop with two characteristics that may beneÞt this plant as a crop for rotation with corn to control corn rootworm. First, Cuphea is a broadleaf plant, and broadleaf plants are not known to support larval development of the rootworm (Branson and Ortman 1970) . Second, this plant has a sticky leaf surface and may provide an undesirable habitat for rootworm adults, which could reduce or eliminate egg laying in the Cuphea Þeld.
Plants in the family Lythraceae, genus Cuphea, have the potential to be grown in the midwestern states as an oilseed crop to provide medium chain fatty acids (C8 ÐC14) for use in industry (Isbell 2002) . Cuphea viscosissima Jacq. is being developed as a commercial source of caprylic, capric, lauric, and myristic acids (Knapp et al. 1991) , which can be used for production of specialty chemicals, vegetable shortening, and in detergents and shampoos. There are no domestic sources for these fatty acids, which are currently supplied by importation of palm kernel and coconut oil.
Growing Cuphea as a source of either lauric acid or other medium chain triacylglycerols would not compete with products currently produced from soybean, which produces longer chain fatty acids, thus giving Cuphea the potential to contribute to crop diversiÞcation in the cornÐsoybean-growing regions. Current research indicates that this plant has the potential to be economically proÞtable for growers with improvements through plant breeding and adaptations in agronomic practices, which improve seed yields. Selective breeding among Cuphea species has helped to improve some agronomic traits of this plant. Seed germination has been improved by selecting a nondiapausing strain from a C. lanciolota ϫ C. viscomisca cross. Additional improvements that reduce seed shattering and developing a determinant ßowering type could further improve a domestic variety to enhance commercial production. Additional beneÞts such as pest control for an alternating corn crop will also promote adoption of Cuphea as a new crop.
We hypothesized that planting Cuphea as a rotation alternative to soybean could beneÞt corn production by restoring the beneÞts of crop rotation as a cultural control to reduce root damage caused by the corn rootworm. Our Þeld experiment was conducted to evaluate Cuphea as a rotation crop with corn in an area known to have the soybean-adapted variant of the western corn rootworm. Conducting this Þeld study also provided experience for developing usable agronomic practices needed for commercial production of this plant as a future crop.
Materials and Methods
The crop rotation study was conducted at the University of Illinois Agricultural Engineering Research Farm, Urbana, IL. This site was selected because it is located within the area known to have the variant of the western corn rootworm that is adapted to lay eggs in soybean Þelds. Each plot was 18 m (24 rows on 76-cm centers) in width by 45 m in length, and evaluations were taken from the middle eight rows in each plot. There were seven rotation schemes (treatments; Emergence Cages. Rootworm beetle emergence cages were used to measure the number of beetles that completed development on corn roots. Cages were constructed based on a design modiÞed from (John Shaw, personal communication). Cages were constructed of wood frames, 40 cm in width by 80 cm in length. Each end of the cage was Ϸ8 cm in height and sides were Ϸ8 cm on each end and sloped up to Ϸ16 cm in the center. The tops of the cages were covered with window screen, except the top center of cage, which was covered with an 8-cmwide piece of wood that was secured to the frame with strips of Velcro. This top board had a 5.4-cm hole in the center, which was covered with an inverted pint-sized canning jar. The threaded canning ring was nailed to the wood allowing the jar to act as the removable beetle trap. A trapping funnel was made by cutting the tip from a cone-shaped paper cup and placing it into the jar before screwing the jar into the ring. Three cages were placed in each plot for a total of 12 cages per treatment. Cages were placed between rows and the frames were buried Ϸ4 cm deep in the soil. Paper cones inside the collection jars were treated with a small amount of cucurbitacin-baited carbaryl to kill the beetles. Emergence cages were placed in all plots in late June and sampled weekly into September. Beetles collected from each cage were counted and the number of males and females were determined. This trap method provided an estimate of the number of beetles able to complete development.
Sticky Traps. Pherocon AM unbaited sticky traps (Tré cé , Inc., Salinas, CA) were used to estimate relative adult beetle densities among the plots during the growing season Tollefson 1984, 1985) to provide an indication of the potential for root damage to corn the following year. Two traps were placed in each plot, eight traps per treatment. In Cuphea and soybean plots (Gray and Steffey 1999) , traps were suspended on fence posts just above the top of the plant canopy and adjusted weekly to account for plant growth. In corn plots, traps were placed around corn stalks at the second leaf above the ear. Traps were placed in the Þeld in late June and replaced weekly into September. In addition to western corn rootworm, northern corn rootworm, Diabrotica barberi Smith & Lawrence, and southern corn rootworm, Diabrotica undecimepunctata howardi Barber, adults also were counted.
Root Damage Ratings. Root damage was evaluated in July for each plot planted to corn. Ten plants were dug from each plot and rated for rootworm damage by using the 1Ð 6 scale (Hills and Peters 1971) . This evaluation was intended to indicate relative rootworm damage to corn after rotation from soybean and Cuphea. Plots planted to corn after soybean and Cuphea were compared with the plots planted to continuous corn.
Plant Height. Because differences were obvious among plots, height of the corn was recorded as ex- Analysis. Data were analyzed using SAS Proprietary Software, version 8 (SAS Institute 1999). Plant height, root damage ratings, and yield data were analyzed using analysis of variance (ANOVA) (PROC GLM) and treatment means were separated using least signiÞcant differences (LSDs). Data for the emergence cages and sticky traps were analyzed using PROC MIXED (by year because of signiÞcant year*rotation interaction), and the means were separated by a Bonferroni adjusted t-test. Sex ratio for emerging beetles was analyzed using a paired comparison t-test using PROC MEANS to test whether the difference between the number of emerged male and female beetles for each cage is signiÞcantly different from zero.
Results and Discussion
For each year of evaluation, corn in some plots was obviously taller than corn in other plots and prompted measurements for plant height (Table 2 ). In 2002, corn planted after corn was signiÞcantly (F ϭ 65.33; df ϭ 11, 948; P Ͻ 0.0001, LSD ϭ 3.4 cm) shorter than corn rotated from soybean, which in turn, was signiÞcantly shorter than corn planted rotated from Cuphea. In subsequent years, corn plants in the continuous corn rotation were signiÞcantly shorter in 2003 (F ϭ 12.12; df ϭ 15, 304; P Ͻ 0.0001, LSD ϭ 1.3 cm) and 2004 (F ϭ 50.32; df ϭ 11, 588 P Ͻ 0.0001, LSD ϭ 2.24 cm) compared with corn in plots rotated from Cuphea or soybean, which were not different from each other. We think the short corn in the continuous corn plots may have resulted from early root feeding by rootworm Root damage ratings varied widely among the years of this experiment (Table 3 ). In 2000, the entire Þeld was planted to corn and the subsequent corn plots in 2001 averaged a root damage rating of 4.4, indicating an economically damaging population of rootworms in the Þeld (root damage ratings Ͼ3.0; Turpin et al. 1972] . Damage ratings for corn roots among rotation schemes were signiÞcantly different for two of the three evaluation years: 2002 (F ϭ 6.91; df ϭ 5, 114; P Ͻ 0.0001; LSD ϭ 0.40) and 2003 (F ϭ 18.55; df ϭ 6, 153; P Ͻ 0.0001; LSD ϭ 0.38) ( Table 3) . For these years, corn planted after Cuphea averaged signiÞcantly lower damage ratings than corn after soybean or corn after corn. In 2004, average root damage ratings were not signiÞcantly different among plots planted to corn regardless of the previous crop. These results indicate that planting Cuphea in rotation with corn will help by reducing the potential for root damage, but that economic damage may still occur. Continuous corn rotation showed the greatest damage in 2003 (damage rating of 5.7) and least damage in 2002 (damage rating of 2.8). Relatively low damage ratings recorded in 2002 were the result of the late planting date (3 June), which is known to reduce the survival and subsequent damage of rootworm larvae (Musick et al. 1980, Bergman and Turpin 1984) .
For plots planted to corn, beetle catches in emergence cages indicated the relative density of larvae in the soil that were able to complete development, and, to some extent, the suitability of the previous crop as an oviposition site. ANOVA indicated a signiÞcant (P Ͻ 0.05) interaction between year and rotation, so cage catches (average beetles cage Ð1 d
Ϫ1
) for each year were analyzed separately (Table 4) . In 2002 when crops were planted late in the growing season, fewer beetles emerged from corn following Cuphea compared with corn following soybean or corn. Lower beetle emergence indicates that fewer eggs were laid in plots planted to Cuphea in 2001 and corresponds with lower root damage ratings for corn following Cuphea. In 2003, beetle emergence among plots planted to corn was not signiÞcantly different regardless of the previous crop. In 2004, more beetles emerged from corn following Cuphea compared with corn following corn. This difference may have been related to greater plant growth observed for corn following Cuphea that allowed these corn plants to support the development of a greater number of rootworms. Unfortunately, without dramatic differences in beetle emergence or additional data such as egg densities in the soil among plots, no conclusive inferences can be drawn about relative beetle oviposition preferences among these crops.
All corn plots followed the same trend for the timing of beetle emergence, regardless of the previous crop (Fig. 1) . Beetle emergence from plots planted to corn followed expected trends with peak emergence of males preceding peak emergence of females (Kuhlman et al. 1970 , Branson 1987 , Jackson and Elliott 1988 . Also, peak beetle emergence in corn plots occurred in July as expected. Western corn rootworms were the dominant rootworm species over northern corn rootworms in this Þeld throughout this study. Based on the beetles captured, western corn rootworm beetles represented between 98.2, 95.0, 98.2, and 98.4% of rootworms collected from emergence cages, for 2001, 2002, 2003, and 2004, respectively ; SE Ϯ 0.041; t ϭ 3.61; n ϭ 84) were captured by emergence cages placed in corn plots, representing 57% of the emerging population for both years. Weiss et al. (1985) found that the male:female ratio was skewed in favor of the males as larval density increased. Our results reßect this observation in that root damage ratings in 2003 and 2004 were greater than for the two previous years, indicating greater beetle infestations and supported by a greater proportion of male emergence for this same time period.
A few beetles were captured in cages placed in soybean plots (Tables 4 and 5 ). We think that this level of Ϸ35 beetles per year (Ϸ3 beetles cage Ϫ1 yr Ϫ1 compared with Ͼ90 cage Ϫ1 yr Ϫ1 for cages in corn, averaged over 4 yr) represents the low level of accidental capture of beetles that emerged elsewhere and found a way into a cage through cracks in the soil. However, a sufÞciently large number of beetles were captured in emergence cages placed in plots planted to Cuphea in 2003 and in the plots planted to Cuphea (following corn) in 2004, indicating successful larval development on Cuphea roots. This was an unexpected observation based on prior publications of the host range of the corn rootworm (Branson and Ortman 1970) and the Þrst 2 yr of experience with emergence from Cuphea plots. In 2001, the number of beetles cage
Ϫ1 captured in plots planted to Cuphea was similar to the number of beetles captured in cages placed in plots planted to soybean (Fig. 1) (Fig. 1) . We recognize that this observation (larval development on a dicotyledon plant) does not Þt with the current Þeld of knowledge about the host range of rootworm beetles. Yet, we have not been able to otherwise explain the high number of beetles trapped in these emergence cages. The ability of the rootworm to complete larval development in Cuphea plots seems to be related to the plantÕs growth. When growth of Cuphea plants was delayed as in 2001 and 2002, few beetles were captured in emergence cages, and those numbers were similar Means in a column followed by the same letter are not signiÞcantly different when analyzed by ANOVA and separated by LSD, P Յ 0.05. * Represents a signiÞcant difference between the number of male and female beetles cage
, based on a paired comparison t-test, P Յ 0.05, n ϭ 12 cages per rotation scheme by year.
to beetles captured in soybean plots and supported the expected observation that rootworm larvae were not able to complete development on roots of Cuphea. Beetle catches by emergence cages in plots planted to soybean averaged three beetles per cage for the sea- Sticky traps were used to monitor relative density of beetles among the three crops during the four growing seasons of this experiment and estimate potential damage for the following years corn crop (Table 6 ; Fig. 2 ). When data were combined for each crop over the 4 yr of this study, more western corn rootworm beetles were caught by sticky traps in corn and soybean plots than were caught in traps in Cuphea plots (average beetles trap Ϫ1 d
Ϯ SE: Cuphea, 3.6 Ϯ 0.6; corn, 7.6 Ϯ 0.7; and soybean, 7.8 Ϯ 0.7). Fewer signiÞcant differences are apparent when comparing among the seven rotation treatments separated by year as reported in Table 6 . Sticky trap catches over the course of each season suggested that rootworm beetles prefer corn during July, but moved out of the corn to soybean and Cuphea plots beginning about the second week of August (Fig. 2) , corresponding to observations reported by OÕNeal et al. (1999) ) are generally considered to exceed the treatment threshold for which beetles lay enough eggs to cause signiÞcant damage to the following seasons corn crop (Steffey and Gray 2002) . All plots, except the Cuphea plots in 2002, easily exceeded this treatment threshold and would recommend insecticide treatment for control of rootworm larvae in the successive corn crop. Adult populations determined with sticky traps in corn and soybean Þelds have been shown to account for 26% and 27% (OÕNeal et al. 2001 ) of the variability of root damage in subsequently planted corn, although, sticky traps do not always reliably predict subsequent rootworm damage (Foster et al. 1986 ). Our sticky trap catches generally ex- Corn plots tended to have higher yields when rotated from Cuphea rather than corn. Corn yields in 2001 were not signiÞcantly different among the rotation schemes as expected because the entire Þeld had been planted to corn the previous year. In subsequent years, corn following Cuphea had signiÞcantly higher yields (2002: F ϭ 6.95; df ϭ 5, 6; P ϭ 0.0176; LSD ϭ 57 kg/plot; 2003: F ϭ 15.50; df ϭ 6, 9; P ϭ 0.0003; LSD ϭ 108 kg/plot; and 2004: F ϭ 22.12; df ϭ 5, 6; P ϭ 0.0008; LSD ϭ 77 kg/plot) than corn following corn (Table 7) . Corn following soybean also had signiÞcantly greater yield than plots planted to continuous corn. The low yield recorded for the 2003 growing season for the continuous corn plots was due to extensive rootworm feeding that resulted in dramatic plant lodging. Lodged plants made it difÞcult to identify rows while harvesting these plots and may have contributed to lower yields.
Conclusions
Cuphea is a plant with the potential to be developed as a new oilseed crop for much of the corn-growing region of North America as a domestic source of medium chain fatty acids. However, the small beneÞts observed by its use as a rotation crop to provide cultural control of corn rootworm beetles will certainly be overwhelmed if rootwoom larvae are proven to survive by feeding on roots of Cuphea. The high number of beetles caught by emergence cages placed in Cuphea plots was unexpected in light of the literature describing the host range for rootworm larvae. Branson and Ortman (1970) reported that larvae did not survive a 10-d test period when feeding on roots from any of 15 broadleaf crops (including soybean) and 12 broadleaf weeds (not including Cuphea). Recent host studies have focused on grass species Hibbard 2004, Oyediran et al. 2004) Because few beetles emerged from Cuphea plots in 2001, the year with the heaviest weed pressure, it is unlikely that high beetle catches in subsequent years were the result of larval development on weed host in the Cuphea plots. Likewise, few beetles were captured in the soybean plots throughout the study, and these plots grew more weeds than Cuphea plots in 2002, 2003, and 2004 until the soybean plots were treated with Roundup Ultra about mid June after which both crops had little weed pressure. Finally, Clark and Hibbard (2004) report minimal adult emergence from 29 plant species compared with maize (grown under the greenhouse conditions), which is unlike the high level of emergence we observed from Cuphea plots in the Þeld. The peak beetle emergence from the Cuphea plots was Ϸ1 mo later than the peak emergence from plots planted to corn. Also, the sex ratio of the beetles emerging from Cuphea plots favored the later maturing female beetles. Trap catches in plots planted to continuous Cuphea indicate both that eggs were laid in these areas and larvae were able to complete development in the absence of previously known hosts (e.g., corn). Additional laboratory and greenhouse experiments are currently underway to verify this observation.
Our hypothesis that the sticky nature of Cuphea would reduce rootworm damage was not supported by the data. Only small insects such as winged aphids (Homoptera: Aphididae, not identiÞed), and the insidious ßower bug, Orius insidious (Say), were lethally stuck to the Cuphea plants. The sticky Cuphea plants did not seem to dissuade rootworm beetles from inhabiting or laying eggs in these plots as shown Þrst by numbers of adult beetles captured on sticky traps in Cuphea plots, which exceeded the economic threshold to prevent egg laying, and second by the economic larval feeding damage in subsequent corn rotations.
A later planting date and resulting delayed plant growth of Cuphea may be used to reduce the number of adult beetles in Cuphea Þelds. Cuphea growth was delayed in 2001 by heavy weed pressure and 2002 by 
